isoforms, called 2a and 2b, show only 10% identity in
mutant adults to examine their fertility. The mutation can be detected by ␤-galactosidase staining in heterozygotes and homozygotes. No gross defects in the overwas backcrossed to both CD1 and C57BL/6J backall morphology or placement of ␤-galactosidase stained grounds for at least five generations; the phenotypes cells was observed in cryostat sections from homozydescribed here were observed on both backgrounds.
gous embryos compared to heterozygotes, including To confirm that this mutant allele is a loss-of-function in sections through the trigeminal ganglion, trochlear allele, we took advantage of the fact that neuropilin-2 nucleus, olfactory epithelium, and vomeronasal organs is a necessary high-affinity receptor that mediates the ( Figure 3 ; data not shown). Furthermore, the expression repulsive action of Sema3F on sympathetic axons (Chen pattern of neuropilin-2 inferred from these ␤-galactosiet al., 1998; Giger et al., 1998). We therefore tested the dase staining patterns corresponds precisely to the patresponses to Sema3F of superior cervical ganglia isotern of neuropilin-2 transcripts detected previously by lated from wild-type, heterozygous, and homozygous in situ hybridization (Chen et al., 1997). mutant embryonic day 13.5 (E13.5) embryos, using an To test for defects in axon guidance, we first focused in vitro coculture repulsion assay in a three-dimensional on the patterns of projection of axons that pioneer the collagen matrix. Whereas strong repulsion of SCG axons earliest nerve tracts in E10.5 and E11.5 embryos, which from wild-type mice by Sema3F was observed, the rewere revealed by whole-mount immunostaining using sponse of SCG axons from heterozygotes was dean antibody to neurofilament (NFM) (Figure 4 ). At E10.5, creased relative to that from wild-type embryos, and the a pronounced defasciculation of the axons in the oculoresponse of SCG axons from homozygous embryos was motor nerve (cranial nerve III) was observed in homozyapparently abolished altogether (Figure 2 ). This reducgous embryos ( Figure 4B ) (six embryos from two litters), tion in responsiveness appeared to be specific, since whereas those axons course as a tight bundle in wildresponses to Sema3A, which are mediated by neuropitype ( Figure 4A ) and heterozygous (data not shown) emlin-1 rather than neuropilin-2, were comparable in SCGs bryos. The ophthalmic branch of the trigeminal nerve from homozygotes, heterozygotes, and wild-type em-(cranial nerve V) also showed a mild defasiculation phebryos (Figure 2) . These results confirm the prediction notype ( Figure 4B ). A more severe phenotype was obthat the allele is a loss-of-function allele. served for trochlear axons (which constitute the IVth cranial nerve). These axons originate in cell bodies loAbnormality of Cranial Nerve Trajectories cated in the ventral region of the junction between midNeuropilin-2 is highly expressed in the nervous system brain and hindbrain and then project dorsally to the roof of developing embryos and has a dynamic expression plate, where they cross the midline and exit the CNS, pattern that has been reported previously (Chen et al., projecting to innervate the superior oblique muscle of 1997). We first examined whether there were any gross the controlateral eye. At E11.5, these axons were obabnormalities in the morphology of tissues expressing served projecting in a normal pattern in wild-type (Figure neuropilin-2, taking advantage of the fact that the neu-4C) and heterozygous embryos (data not shown). Strikropilin-␤-geo fusion protein is expressed in the cell bodingly, however, no obvious trochlear motor nerve was observed in the homozygous mutant embryos (seven ies of neurons that normally express neuropilin-2 and 
embryos from two litters) (Figures 4D). This phenotype
E12.5 embryos (data not shown), and by immunohistochemistry on transverse sections at E11.5, using anticould in principle result from an absence of the IVth nerve nuclei, misrouting of the axons, or severe defascibodies to TAG-1 and NFM ( Figure 5 ). Retrograde DiI tracing of motor neuron projections was performed on culation of the axons in the periphery (which might make the individual axons undetectable by whole-mount E12.5 embryos by injection of DiI in forelimb muscles, but no obvious abnormality was detected in the placestaining). The first explanation seems unlikely since ␤-galactosidase staining showed no obvious difference ment of motoneuron cell bodies within the ventral horns of the mutants (data not shown). Even though we did in the trochlear nuclei of heterozygous and homozygous embryos at E11 (Figures 3B and 3C ), but we have not not see major defects in peripheral sensory and motor projections, we cannot exclude that there may be more established whether the defect is due to the misrouting or defasciculation of the axons. The expression pattern subtle defects that are not evident from this initial characterization. of the high-affinity neuropilin-2 ligand Sema3F, which is localized both rostral and caudal to the mid-hindbrain In contrast to peripheral projections, when examining the central projections of sensory neurons, we observed junction where the trochlear axons travel, is consistent with the possibility that Sema3F creates an inhibitory a dramatic and fully penetrant defect at the level of the dorsal root entry zone (DREZ), the site at which the surround that helps channel these axons along the midhindbrain junction (A. Kolodkin, D. Ginty, and colcentral projections of sensory neurons contact the spinal cord. Sensory afferents project to the DREZ and leagues, personal communication).
In contrast to these defects in the peripheral projecsend axons longitudinally in the dorsal funiculus, only later, after a delay, sprouting secondary collaterals to tions of cranial nerves, the peripheral projections of spinal sensory neurons and motor neurons appeared invade the gray matter of the spinal cord ( Figure 5A ). The dorsal funiculus in wild-type and heterozygotes had largely normal in the mutants, at least at the level of resolution afforded by whole-mount immunostaining on a characteristic oval shape ( Figures 5D, 5E , 5G, and 5H), Figure 5F ) and TAG-1 staining ( Figure 5I ) (in the mous defect in the growth or guidance of the sensory axons. Despite this decrease at E11.5, we did not oblatter case, however, the reduction was a bit obscured by the TAG-1 staining of commissural axons in the adjaserve dramatic differences in the projections of sensory axon collaterals into the spinal cord gray matter at E13.5, cent region in the dorsal spinal cord). Since neuropilin-2 is expressed by sensory neurons at early stages, when as visualized by injecting DiI into the DRG and allowing it to diffuse and to label the collaterals (data not shown). they are beginning to project into the spinal cord (Chen 7E and 7F) . In a few TAG-1 staining, anti-calbindin staining, and hematoxilin cases, the fasciculus retroflexus was still present, but staining (data not shown). Since, as mentioned, the size its axons were highly defasiculated (data not shown). and morphology of the AON were not affected in mutant mice ( Figures 6A and 6B) , it seems likely that the absence of the commissure is caused by axon pathfinding Hippocampal Defects Neuropilin-2 is highly expressed in the developing and errors rather than death of neurons projecting in the commissure. We were, however, unable to locate the adult hippocampal formation (Figures 7A and 7B; Figures 8I and 8J ) and also in neurons projecting to the misprojecting AON axons. from explants taken from homozygous mutant embryos were not repelled by Sema3F (as observed using multiWithin the dentate gyrus, neuropilin-2 is expressed in the dentate granule cell layer and a subpopulation of ple explants from each of eight homozygotes from four litters), whereas responses to Sema3A were unaffected the cells in the hilus, including mossy cells. In the adult mouse, neuropilin-2 is expressed in a portion of the (Figure 8 ). These results establish that Sema3F-mediated repulsion of hippocampal axons requires neuropipyramidal cells of CA3 and appears to be concentrated in the superficial layers of the pyramidal cell layer. Neulin-2 function. We next examined whether neuropilin-2 function is ropilin-2 is also expressed in occasional cells in the stratum radiatum. In the adult dentate gyrus, neuropilin-2 required for normal development of the hippocampus and hippocampal projections. The gross morphology of is highly expressed in the dentate granule cell layer. There appears to be a gradient of expression that is the embryonic and adult hippocampus of neuropilin-2 mutants was indistinguishable from that of heterozylowest near the hilar border and highest in cells adjacent to the molecular layer ( Figure 9C ; data not shown), suggous mice (as revealed by ␤-galactosidase staining: Figures 7A and 7B ; Figures 8J and 8I ) or of wild-type mice gesting that neuropilin-2 may be more abundant in mature than immature dentate granule cells. (Figure 9 ; data not shown). However, a defect was detected in the projections of dentate granule cells, which The axons of embryonic neurons in the dentate gyrus, and the CA1 and CA3 regions, which all express neuropinormally extend axons (the mossy fibers) to the basal dendrites of the CA3 pyramidal cells in a tight bundle lin-2, have previously been shown to be repelled by both Sema3A and Sema3F (Ché dotal et al., 1998; Steup et that travels adjacent to and above the pyramidal layer (the suprapyramidal, or main, bundle). In addition, a al., 1999). Using blocking antibodies, it was shown that the repulsive action of Sema3A on embryonic hipposmall fraction of the mossy fibers travel below the pyramidal layer (to form the so-called infrapyramidal bundle) campal axons requires neuropilin-1 function, but repulsion by Sema3F does not, and it was therefore proposed but cross the pyramidal cell layer and join the main mossy fiber bundle soon after leaving the hilus. Both layer ( Figures 9B and 9D) . The presence of Timm staining in these abnormal mossy fibers suggests that they have projections can be visualized with an antibody to calbindin or by Timm staining (which detects zinc that accumudeveloped mossy fiber boutons and therefore may make synaptic contact with nearby dendrites. lates in mossy fiber boutons) ( Figures 9A, 9B, and 9D) or with an antibody to the zinc transporter-3 (ZnT-3)
Explants of CA3 and dentate gyrus (DG) were microdissected from E17 wild-type and mutant embryos as described by Ché dotal et al. (1998) and cocultured with COS7 cells expressing Sema3A or Sema3F in collagen matrices. (A) through (D) Responses of CA3 axons to Sema3A (A and B) and to Sema 3F (C and D). The wild-type explants (ϩ/ϩ) are repelled by both semaphorins (A and C), while the mutant axon (Ϫ/Ϫ) is not repelled by Sema3F (D) but is repelled by Sema3A (B). (E) through (H) Responses of DG axons to Sema3A (E and F) and to Sema3F (G and H). DG axons from mutant embryos are repelled by Sema3A (F) but not Sema3F (H), whereas axons from wild-type embryos are repelled by both (E and G). (I and J) ␤-galactosidase staining of the E17.5 hippocampus from a heterozygote (I) or a homozygote (J). (K) Quantification of P/D ratio of neurite outgrowth as described in
Another neuropilin-2-expressing population in the dentate gyrus is the mossy cells, located in the hilar (data not shown). In neuropilin-2 homozygous mutant mice, the main mossy fiber bundle appears normal (Figportion of that region, which can be visualized by double staining with antibodies to calretinin and ␤-galactosiures 9B and 9D). However, the fibers from the infrapyramidal bundle do not join the main bundle after leaving dase ( Figure 9C ). In contrast to the projection of dentate granule cells, however, the projection of the mossy cells the hilus and instead extend underneath the pyramidal layer to the apex of the curvature of the pyramidal cell to granule cell dendrites in the controlateral dentate gether with other cues, may thus be sufficient to steer of more subtle defects that could be detected with more the axons away from the septum, even in the absence quantitative analysis. Similarly, no differences were obof neuropilin-2 signaling. served between mutant and wild-type animals at late embryonic (E19) and early postnatal (P2) stages in the Discussion expression patterns of Prox-1 (a specific marker for dentate granule cells), Lef-1 (a specific marker for migrating Neuropilin-2 has been proposed to function as a ligandimmature granule cells), and Math-2 (a specific marker binding moiety in receptor complexes for class 3 semafor pyramidal cells), visualized by in situ hybridization phorins, and, based on binding relations, is thought to on tissue sections (Figures 9E and 9F ; data not shown), be a necessary high-affinity receptor for the class 3 indicating that differentiation and migration of dentate semaphorin Sema3F. Our analysis of a neuropilin-2 granule cells and pyramidal cells are apparently normal knockout mouse supports this hypothesis by showing in the mutant.
loss of Sema3F responsiveness in sympathetic and hippocampal neurons isolated from the knockout animal.
Several Axonal Projections of neuropilin-2-Expressing
Defects in several axonal projections in both the periphCells Appear Largely Normal eral and central nervous systems in these animals also As mentioned, ␤-galactosidase staining confirmed that identify key roles for neuropilin-2 in axon guidance in vivo. neuropilin-2 is expressed in many other neuronal populations throughout the CNS, including those in the vomIsolation of a Mutant neuropilin-2 Allele eronasal organ and olfactory epithelium (Figures 3F-3I) ,
We describe the isolation of a mutant allele of neuropithe olfactory bulb ( Figures 6A and 6B) , the neocortex, the cerebellum, the motor nuclei in the hindbrain, the lin-2 by gene trapping, using the so-called secretory trap vector (Skarnes et al., 1995). As in the case of a mutant (Chen et al., 1997; this study), and we find that the axons netrin-1 allele generated by the same method (Serafini of both neuronal populations are defective in the neuet al. , 1996) , this allele appears to be severely hypomorropilin-2 knockout animals. The peripheral projections of phic, or near null (see the Results). Consistent with the trochlear axons are missing in E11 neuropilin-2 mutant allele being a severe loss-of-function allele, we found embryos. The trochlear motor nucleus in the ventral midthat sympathetic and hippocampal neurons isolated hindbrain region appears normal, suggesting that the from homozygous mutant animals apparently lost endefect is in the projections of trochlear axons, although tirely their responsiveness to Sema3F. Further, we did we have not yet been able to locate the misrouted axons. not observe any dominant effects in heterozygotes: the Consistent with the defect being one of guidance in anatomical phenotypes we observed were fully recestrochlear axons, it has been shown that these axons are sive; in fact, the only phenotype we observed in the repelled by Sema3F ( high level in the dentate gyrus. The mossy fiber pathway, deriving from dentate granule cells, normally has two As mentioned, this tract has three major branches, a stria medullaris component, an anterior (or olfactory components, a main suprapyramidal bundle that travels adjacent to and above the pyramidal cell layer and a component), and a posterior (or interhemispheric) component. All these branches are affected to varying desmaller infrapyramidal bundle that travels below the pyramidal layer and crosses the pyramidal cell layer to join grees in neuropilin-2 knockout mice, and in the most extreme cases the anterior commissure was completely the main mossy fiber bundle soon after leaving the hilus. The exaggerated extension of the infrapyramidal bundle absent. This phenotype is reminiscent of the absence of anterior commissure in netrin-1 knockout mice (Serain neuropilin-2 mutant mice suggests that neuropilin-2 is necessary for the proper targeting of these fibers. A fini et al., 1996) and appears different from what has been observed in mice lacking the EphB2 receptor portion of these axons still cross over to join the main mossy fiber pathway but do so at greater distances than (alone or together with the EphB3 receptor), where only axons forming the posterior limb of the commissure in the wild-type animal. Expression patterns for celltype specific markers showed that cell differentiation were severely affected (Orioli et al., 1996) . The mechanism by which neuropilin-2 guides anterior commissure and position are apparently normal in the mutant animals. This suggests that neuropilin-2 is largely or entirely axons during development is not clear. None of the known murine secreted semaphorins is expressed at the dispensable for granule and pyramidal cell differentiation and migration and indicates that the mossy fiber telencephalic midline at embryonic stages (De Castro et al., 1999), and none of the neurons contributing to the defect is likely to be a primary rather than a secondary effect of the loss of neuropilin-2. This is consistent with anterior commissure have yet been shown to respond to these molecules. One perhaps surprising result of neuropilin-2 playing a role in the early termination and/ or crossing of axons due to neuropilin-2-mediated axon our study is the apparently normal development of the lateral olfactory tract (LOT), which projects massively to guidance by repulsion. The presence of mossy fiber boutons, as demonstrated by the presence of ZnT-3 neurons that contribute to the anterior commissure and whose axons are already known to respond to at least and Timm staining in the ectopic mossy fibers, suggests that these axons make connections with other cells, two secreted semaphorins, including Sema3F. This tract was also normal in neuropilin-1-deficient mice (Kitsuwhich may result in the development of abnormal circuitry in these animals. It is noteworthy that several kawa et al., 1997). However, LOT axons are known to be responsive to other guidance cues, such as Slit proof the neuropilin-2 phenotypes in other regions may represent partly or entirely a defasciculation, but in the teins (Li et al., 1999; Ba-Charvet et al., 1999), which may be sufficient to guide these axons, so that double or mossy fiber pathway of these animals the general state of fasciculation appears to be normal. This is in contrast triple knockouts might be necessary before defects in their guidance are observed.
to previous manipulations that have been shown to disrupt mossy fiber development, the perturbation of the Another major tract affected in the neuropilin-2 knockout mice is the fasciculus retroflexus, which is comfunction of the transmembrane proteins LAMP (Pimenta et al., 1995) or NCAM (Cremer et al., 1997), which both posed of habenular axons. Axons from the medial habenula project to the the interpeduncular nucleus, which caused dramatic defasciculation of the mossy fiber pathway. The basis of the mossy fiber phenotype of the is an important relay and modulatory center in the limbic and related systems. The lateral habenula component NP-2 mutant mice is currently unclear, although there are at least three possible explanations. First, it is possiof the fasciculus retroflexus bypasses the IP and projects to the raphe nucleus. Neuropilin-2 is very highly ble that the protein distribution of Sema3F (or that of another ligand for neuropilin-2) is more limited than the expressed in the medial habenula and almost absent from the lateral habenula. We found that the fasciculus distribution of Sema3F mRNA. If this is true, then it is possible that, in the wild-type, there may be localized retroflexus is very reduced or absent in neuropilin-2 knockouts, although in some cases a remnant of the expression and release of a secreted short-range chemorepellant that reroutes the infrapyramidal bundle fasciculus can still be found that might correspond to the lateral habenula component of the tract. Here again across the pyramidal layer. Second, the loss of neuropilin-2-dependent repulsive effects may uncover a permissive it remains to be determined how neuropilin-2 functions in guiding habenular axons, in particular which secreted secreted or cell contact-dependent influence, and the unchecked positive influence from this factor may allow semaphorins contribute to their guidance.
Tracing studies have shown that developing hippoovergrowth of the infrapyramidal bundle. Third, neuropilin-2 may be involved in homophilic or heterophilic cellcampal axons invade their appropriate target domain and layers in a highly specific fashion (Supè r and Soricell interactions required for rerouting axons across the pyramidal layer in an efficient manner. Whatever the ano, 1994). Such stereotyped growth suggests the involvement of both long-range cues influencing early axonal mechanism of this defect, its specificity implies that the regulation of mossy fiber axon initiation toward the CA3 trajectories and membrane-or substrate-anchored cues, providing layer-specific positional information. It has region, and the decision to terminate at the CA3-CA2 border, are regulated by distinct mechanisms. Interestbeen suggested that Sema3F may play an important role in the lamina-specific projections of hippocampal ingly, the extent of the infrapyramidal mossy fiber projection appears to influence performance in spatial afferents (Ché dotal et al., 1998) . We showed here that
